CTIVATION of SSEPs by using MNS is a well-established tool for studying somatosensory function. Functional MR imaging is rapidly emerging as a reliable method for studying the cortical hemodynamic responses to peripheral somatosensory stimuli. Functional MR imaging and median nerve-stimulated SSEP studies complement each other in that fMR imaging offers superior spatial resolution, whereas SSEPs provide more accurate information concerning the temporal sequence of cortical activity. 9, 15, 16, 29 Many somatosensory fMR imaging studies have been performed using stimuli other than MNS.
Clinical Material and Methods
Ten healthy volunteers between 18 and 35 years of age participated in this study in accordance with institutional review board policy. The MR imaging unit used in the study was equipped with echospeed EPI capabilities (1.5-tesla Signa MR imager; General Electric Medical Systems, Milwaukee, WI). The volunteers' heads were immobilized with a vacuum-activated pillow in a wholehead quadrature coil. Sagittal T 1 -weighted spin-echo images (TR 500 msec, TE 12 msec, FOV 24 cm ϫ 24 cm, matrix 256 ϫ 256) were acquired for anatomical localization. Fourteen axial T 2 -weighted gradient-recall EPI highresolution images (TR 3500 msec, TE 60 msec, FOV 24 cm ϫ 24 cm, matrix 256 ϫ 256, slice thickness 5 mm, gap 1 mm) of the most superior aspect of the cortex to a distance 8.4 cm inferior to it were then obtained to overlay the functional activated maps accurately. We also acquired T 2 -weighted gradient-recall EPI functional images (TR 3500 msec, TE 60 msec, FOV 24 cm ϫ 24 cm, matrix 64 ϫ 64, number of repetitions 60) of the same locations as those previously described for high-resolution images.
Stimuli were applied using a constant-current stimulator (model IV; Nicolet-Viking, Madison, WI) that generated a monophasic rectangular pulse at a rate of 5.1 or 50 Hz with a duration of 100 sec. Intensities were adjusted in each individual to a level that was above the motor threshold but did not create discomfort, ranging from 11 to 16 mA. Surface electrodes were placed approximately 5 cm apart on the ventral wrist, superficial to the median nerve as it enters the hand. Stimuli were applied in 70-second epochs, alternating between 35-second-long nonstimulus and 35-second-long stimulus subcycles for a total of 3.5 minutes per functional image. Each of the 10 volunteers was subjected to electrical stimulation of the right median nerve at a frequency of 5.1 Hz (five volunteers) and 50 Hz (five volunteers). Seven volunteers from the same study population also underwent left-sided MNS at 5.1 Hz (two volunteers) and 50 Hz (five volunteers). In three of the original participants, tactile stimulation was applied to the right index finger by using a 0-gauge watercolor camel-hair paintbrush.
Statistical Analysis
Functional images were analyzed on personal computers by using the Linux operating system with software written in our laboratory. Images collected using EPI during rest and stimulus states were separated and analyzed, on a pixel-by-pixel basis, by using a Student t-test based on statistically significant changes in pixel intensity (p Ͻ 0.001). 19 Surviving pixels were accepted only if they were in contact with at least two other pixels meeting the same criteria of significance, resulting in clustered t-maps. 19 Clustered t-maps were then overlaid on high-resolution anatomical images for anatomical localization of activated areas. Raw data were analyzed to confirm that increases in pixel intensity corresponded in time with an activation task.
After initial data analysis, the unclustered activation maps were imported into commercially available software for Talairach-coordinate transformation and group averaging (MedX software; Sensor Systems, Inc., Sterling, VA).
14 Unclustered t-map image data were reformatted, resulting in voxels that were 2 ϫ 2 ϫ 2 mm, followed by a 6 ϫ 6 ϫ 6 mm full width at half maximum gaussian filter using a 5 ϫ 5 kernel. Resulting data were converted into z scores and averaged across volunteers. 27 The maps were thresholded (z = 3.1 or p Ͻ 0.001) and activated areas were anatomically identified by referencing the Talairach atlas. 44 The total number of activated pixels was measured using the same software. Also, activated pixels were quantified using an activation index (the product of the mean z value and the total number of activated pixels). Table 1 shows the incidences of activations of the cortical regions studied. The SMI, SII, and IFG were the regions most frequently activated. Bilateral SII activation was observed in response to MNS (right-sided MNS in six volunteers and left-sided MNS in five volunteers). Although activation of the SMI was usually contralateral, it was also seen bilaterally in three volunteers in response to MNS on the right side and in three volunteers in response to MNS on the left side. The SMA was also activated (right-sided MNS in seven volunteers and left-sided MNS in four volunteers). Ipsilateral SMA activity occurred in three volunteers who underwent right-sided MNS. All SMA activations resulting from left-sided MNS were contralateral. Activation of the IFG was also noted during MNS (right-sided MNS in 10 volunteers and left-sided MNS in seven volunteers). Bilateral IFG activation was also seen (right-sided MNS in eight volunteers and leftsided MNS in five volunteers). Insula, posterior parietal cortex (Brodmann's Area 7), and inferior parietal lobule (Brodmann's Area 40) were also activated during MNS ( Table 1) .
Results
The histograms shown in Fig. 1 further quantify active regions of the SMI and SII according to the side of MNS (left or right), right-sided MNS frequency, and tactile stimulus. Figure 1 lower shows the number of active pixels given a particular stimulus. Figure 1 upper displays an activation index, or weighted average, in which the number of activated pixels in a defined region are multiplied by the average z value of that region. These two histograms illustrate differences in activation between the SMI and SII. Differences in activation across tasks within ei- ther the SMI or SII were not statistically significant (p Ͼ 0.05). In the three volunteers who underwent both tactile and electrical stimulation, there existed no statistically significant (p Ͼ 0.05) differences in activity within the SMI or SII. Volumes of activation within the SMI or SII were not statistically significant (p Ͼ 0.05) between 5.1 Hz and 50 Hz stimuli. Figure 2 shows group-averaged activity resulting from all right-sided MNS. Figure 3 illustrates group-averaged activity resulting from all left-sided MNS. Tables 2 and 3 list foci of activation and corresponding Talairach coordinates. Figure 4 shows group-averaged activity resulting from right-sided MNS at 5.1 Hz superimposed on group-averaged results for right-sided MNS at 50 Hz. Note the moderate overlap in the SMI and SII. Note that although individual volunteer data showed ipsilateral SMI and SMA activation, these data were not robust enough to survive group averaging.
Discussion
The main finding of the present study is that robust activation of multiple sensorimotor cortical areas occurs during electrical stimulation of the median nerve as demonstrated with fMR imaging. These areas include the SMI, SII, insula, SMA, frontal cortex, and the posterior parietal cortices (Brodmann's Areas 7 and 40). There was no statistically significant difference between volumes of activation resulting from electrical stimulation of the right and left median nerve. Also there was no statistically significant difference between volumes of activation resulting from electrical stimulation at 5.1 Hz and 50 Hz. In the three volunteers who underwent both electrical and tactile stimulation, there was no statistically significant difference between activations in the SMI and SII. Table 4 lists a summary of recent MNS-fMR imaging studies published in the literature.
Activation of the SMI and the SII
The SMI was activated in all volunteers and the SII was activated in nine of the 10 volunteers studied. The results of group-averaged Talairach coordinates of SII agree well with those of similar and recent metaanalyses. 35 The patterns of activation observed in our study agree well with those of a recent fMR imaging-MEG study in which electrical MNS was used at a frequency of 4 Hz. 25 However, in that study researchers also investigated the temporal aspects of cortical activation by using MEG. Specifically, the contralateral SI had the shortest mean latency of activation (20 msec) followed by activation of the postcentral sulcus at 23 msec, contralateral parietal operculum at 26 msec, contralateral frontal operculum at 33 msec, and contralateral SMA at 36 msec. The ipsilateral SI, parietal operculum, and frontal operculum were activated within a range of 54 to 67 msec.
Activation of the SMA and Other Frontal Cortical Areas
The SMA was activated in seven of the 10 volunteers exposed to MNS on the right side and in four of the seven volunteers exposed to MNS on the left side. However, no activation of the SMA was noted in the group analysis. Our results differ from those of Ibanez and associates, 20 who used a similar experimental paradigm. They found no statistically significant activity in the SMA over a range of frequencies, whereas our results showed SMA activation in response to both 5.1-Hz and 50-Hz stimuli. Our results agree with those of Korvenoja and colleagues, 25 who noted activation of the SMA in four of five volunteers who underwent MNS on the right side at 4 Hz. In that study researchers noted contralateral SMA activity with a latency of 36 msec by using fMR imaging combined with MEG. The study by Korvenoja and colleagues provided further evidence that the SMA is not involved in the generation of short latency SSEPs, thus confirming the results of a previous independent study. 1 Considering that the median nerve was stimulated above the motor threshold in our study, we cannot determine whether the SMA was activated as a result of sensory or motor fiber stimulation. Researchers in another study in which stimuli other than MNS were used also reported SMA activation; however, an explanation for the potential contribution of proprio- Table 2 for a list of foci of activations and corresponding Talairach coordinates.
ceptive fibers has not been provided. 14 Those studies sometimes involved tonic finger flexion, which could also result in SMA activation.
In addition to SMA and SMI activation, we noted significant bilateral activation of frontal cortical areas. In fact, we detected significant activation in these areas in all volunteers whether we examined individual data or groupaveraged data. Most of the frontal cortical activations were localized to the IFG. In one study, Mauguiere, et al., 32 reported bilateral activation of inferior and middle frontal gyri in six of eight individuals. Korvenoja and colleagues 25 also detected significant frontal opercular activation when using both fMR imaging and MEG independently. The network of cortical areas activated by electrical stimulation in our study, as well as in the studies of Mauguiere, et al., and Korvenoja, et al., is similar to that described in macaque monkeys by Preuss and Goldman-Rakic. 38 These authors showed that the prefrontal and premotor cortices were interconnected with the parietal regions to form a somatosensory network encompassing the SI, SII, Area 7, and the inferior parietal lobule.
Activation of Other Sensory Areas
Other areas of activation resulting from MNS in our study include the anterior and posterior insulae, posterior parietal areas, ipsilateral SII, and ipsilateral SMI. Ipsilateral SII and SMI activations were never noted in the absence of bilateral activation. Bilateral SII activation with contralateral dominance has been noted in most somatosensory studies in which fMR imaging, MEG, or PET scanning was used. 42 Insula and posterior parietal area activations have been reported in several previous studies, 3, 5, 12, 14, 19, 25, 30, 36 and ipsilateral SI activation has also been reported in several studies. 18, 25, 26, 28 The SII receives fibers from both ipsilateral and contralateral SIs and SIIs. 23 However, the anatomical pathways for ipsilateral SI and SII activations remain unknown. Ipsilateral SII responses to tactile stimulation were not observed in patients in whom there was total absence of the corpus callosum, but were present in patients in whom there was an intact splenium. 8 One MEG study of patients with right sensorimotor cortical lesions, conducted by Forss, et al., 10 showed that ipsilateral SII responses were present in patients with either absent or abnormal contralateral SI and SII responses. These findings suggest transfer of information to the ipsilateral SII via noncallosal pathways. Activation of the ipsilateral SII was also demonstrated in a recent fMR imaging study of patients in whom hemispherectomy was performed, offering further evidence of the presence of noncallosal pathways. 2 Additional noncallosal pathways have been suggested, including those involving ipsilateral spinothalamic neurons. 4 Which neuronal pathways are involved in the activation of the ipsilateral SI also remains unclear. 8, 25, 26 In humans and monkeys, uncrossed tactile pathways from the distal upper extremity to the SI have never been described. 1 However, neurons with bilateral receptive fields exist in Area 2 and other somatosensory areas of the macaque monkey. 7, 21, 41 These neurons possibly mediate transfer of sensory information along transcallosal fibers present in Areas 1, 2, 5, and 7. 21, 22, 24 Other researchers argue that transcallosal pathways are unlikely, because of the short delays between ipsilateral and contralateral responses observed in some cases. 34 
Electrical and Tactile Stimulation
Our study shows that tactile stimulation activated the same areas as MNS with the exception of frontal cortical areas. There was no significant difference between volumes of SMI and SII activation elicited by electrical or
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Functional MR imaging of somatosensory cortex 779 tactile stimulation, a finding that contradicted our a priori expectation that greater volumes of cortex would be activated by electrical stimulation. Electrical MNS bypasses mechanoreceptors and produces a larger afferent volley. In a study by Forss, et al., 11 in which somatosensory-evoked magnetic fields were recorded, airpuff stimuli produced shorter latency responses, identical waveforms, and lower amplitudes than those elicited by electrical stimuli. However, long latency responses to airpuff and electrical stimuli were not significantly different. Both stimuli produced similar anatomical activity patterns. Our results, and those of Forss, et al., tend to confirm results of other studies in which amplification of short-latency somatosensory cortical responses to natural stimuli have been reported. 13 However, the number of tactile studies we performed was not large enough to offer statistically conclusive evidence.
Frequency and Extent of Cortical Activations
There was no statistically significant difference between volumes of contralateral SMI and SII activation resulting from 5.1-or 50-Hz MNS. In previous studies, Ibanez and associates 20 and Spiegel, et al., 43 reported maximum activation of the SI at 4 Hz and at 0.5 to 2 Hz, respectively, as demonstrated with fMR imaging. Ibanez and associates observed an increase in contralateral SI activation that was maximized at 4 Hz, with decreases in volumes of activity at higher frequencies. In the same study, amplitudes of SSEPs decreased as the stimulus rate increased and were not measurable at 4 Hz. Using rightsided MNS, Puce 39 noted an inconclusive contralateral SI activation response to a stimulus frequency of 5 Hz. However, Puce, et al., 40 conclusively reported reliable contralateral SI activity in one of three persons at 15 Hz and 30 Hz.
Also using MNS, Davis and colleagues 6 found weak activation of the contralateral SI at 50 Hz, with increased activation after stimulus intensities were raised to painful levels. Although the relationship between activation of the SI and stimulus frequency remains unclear as demonstrated by fMR imaging, most study data show that amplitudes of SSEPs decrease with increased stimulus frequency. A recent SSEP study of the rat brain by Ngai, et al., 33 clarified the relationship between rCBF and SSEP amplitudes. Their study showed that rCBF and summated SSEP amplitudes (SSEP multiplied by frequency) increased with increasing stimulus frequency up to 5 Hz. Their results also showed no dissociation between the rCBF and neuronal activity resulting from stimuli ranging between 1 and 5 Hz, as measured with summated SSEPs.
The relationship between activation of the SII and stimulus frequency has been studied to a lesser degree. Ibanez and associates 20 reported contralateral SII activation in one of six volunteers at a stimulus frequency of 20 Hz. They reported no activation of the SII at lower frequencies across volunteers. We observed SII activation in five of five volunteers undergoing right-sided MNS and two of two volunteers undergoing left-sided MNS at a frequency of 5.1 Hz. We also observed SII activation in four of five volunteers undergoing right-sided MNS and five of five volunteers undergoing left-sided MNS at 50 Hz. There was no statistically significant difference between volumes of SII activation resulting from 5.1 Hz and 50 Hz. More studies are needed to clarify the relationship between frequency of electrical stimulation and activation of SI and other somatosensory areas.
Conclusions
Our study shows that fMR imaging performed while using either electrical or tactile stimulus not only provides a reproducible means of generating robust sensorimotor cortical responses, but is a means of investigating the complex network existing between these regions. The results of this study are encouraging in that they provide more information regarding the relationship between stimulus frequency and corresponding volumes of cortical activation. Therefore, the results of this study will be of interest to researchers currently combining electrophysiological and fMR imaging methodologies. For the purposes of diagnosis and preoperative planning, electrical stimuli can also be used as an alternative to tactile stimuli for generating presurgical fMR imaging data.
